The vestibules of adult guinea pigs were lesioned with gentamicin and then treated with perilymphatic infusion of either of two growth factor mixtures (i.e., GF I or GF II). GF I contained transforming growth factor ␣ (TGF␣), insulin-like growth factor type one (IGF-1), and retinoic acid (RA), whereas GF II contained those three factors and brain-derived neurotrophic factor. Treatment with GF I significantly enhanced vestibular hair cell renewal in ototoxin-damaged utricles and the maturation of stereociliary bundle morphology. The addition of brain-derived neurotrophic factor to the GF II infusion mixture resulted in the return of type 1 vestibular hair cells in ototoxin-damaged cristae, and improved vestibular function. These results suggest that growth factor therapy may be an effective treatment for balance disorders that are the result of hair cell dysfunction and͞or loss.
A vian vestibular receptors have been shown to continuously produce new hair cells (HCs), and to spontaneously renew HCs following injury (1) (2) (3) (4) . In birds, renewal of vestibular HCs results in a return of function (5) (6) (7) . Mammals were once thought to possess a full complement of vestibular HCs at birth that once lost were not replaceable (8) . However, the vestibular sensory epithelium of mammals has been shown to possess a limited restorative capacity (9, 10 ). An in vivo study (11) has attributed partial renewal (i.e., 50%) of vestibular hair cells (HCs) to direct transdifferentiation of support cells into HCs. In contrast, the results of an in vitro ototoxin study with maculae explants (12) has suggested that a substantial number of the vestibular HCs were sublethally damaged and that most of the HC renewal was due to self-repair. It is possible that both of these studies (11, 12) are correct, and that both mechanisms (i.e., transdifferentiation and self-repair) contribute to vestibular HC renewal in mammals (13) .
Growth factors can effect vestibular HC renewal in birds and mammals following an injury to the vestibule (13) . Transforming growth factor ␣ (TGF␣) has been shown to increase cell proliferation in adult murine macula and crista explants following neomycin damage (14) . Insulin and insulin-like growth factor type one (IGF-1) have been shown to be mitogenic in cultures of the avian utricular macula (15, 16) . Insulin was found to enhance proliferation in undamaged macula (17) by interacting with either TGF␣ or epithelial growth factor (EGF). Retinoic acid (RA) is a powerful morphogen for the inner ear (18) . A change in RA concentration can initiate precocious differentiation of chick otocyst HCs (19) and formation of supernumerary HCs in developing mouse organ of Corti (20) . Perilymphatic infusion of TGF␣ with insulin induced cell proliferation in both utricular sensory (21) and extrasensory epithelia (22) of adult rats. However, neither TGF␣ nor insulin alone could stimulate cell proliferation (21) . Brain-derived neurotrophic factor (BDNF) is essential for the survival of vestibular ganglion neurons (23) . BDNF has been shown to protect vestibular neurons from ototoxins (24) and also been suggested to play a role in the development of type 1 hair cells (25) .
We have investigated whether the enhancement of vestibular HC renewal by growth factor infusion therapy can result in an improvement in vestibular function. Adult guinea pig inner ears were lesioned with gentamicin, and then treated with the infusion of either of two different growth factor mixtures (i.e., GF I and GF II). Utricles from the vestibules of animals treated with GF I were assayed for HC renewal and the cristae of the animals treated with GF II were assayed for both the type of HCs (type 1 vs. type 2) and the recovery of horizontal vestibulo-ocular reflexes (HVOR). Our observations show that treatment of gentamicin-damaged vestibules with GF I resulted in a highly significant enhancement of HC renewal, and that the addition of BDNF to the GF II therapy mixture resulted in the additional benefit of the return of type 1 vestibular HCs and improved vestibular function.
Methods
The care and use of animals was approved by the Animal Care and Use Committees of the Albert Einstein College of Medicine and Naval Medical Center at San Diego.
Aminoglycoside Exposure. Adult Dunkin-Harley (nonpigmented) guinea pigs (Harlan-Sprague-Dawley) weighing 400 g were anesthetized with ketamine (35 mg͞kg, i.m.) and xylazine (15 mg͞kg, i.m.). Postauricular incisions exposed both tympanic bullae where 200 l of a 20 mg͞ml solution of gentamicin sulfate was injected into each middle ear cavity. Bullae were sealed with dental cement and incisions sutured.
Infusion of the Perilymphatic Fluid Space. Only the right vestibule of each animal was infused in the treated guinea pigs, and the contralateral ear acted as a gentamicin-exposed, untreated control. Alzet Model 2002 osmotic minipumps (0.5 l͞h) were loaded with either TGF␣ (2 g͞ml), IGF-1 (200 ng͞ml), or RA (10 Ϫ8 M) in PBS (pH 7.4) and 0.1% BSA. Pumps with this mixture were implanted s.c. in nine guinea pigs, which were designated as the Growth Factor One (GF I) group. Growth Factor Two (GF II) animals received the same mixture as GF I, but were supplemented with human recombinant BDNF at 1 mg͞ml (Regeneron; n ϭ 3). There were also untreated [i.e., no gentamicin, no surgery (n ϭ 3)] bilateral gentamicin-exposed animals (n ϭ 3) and bilateral gentamicin-exposed animals infused with carrier solution (n ϭ 3). A custom microcatheter was attached to the pump (26) . Seven days after gentamicin, each guinea pig was implanted with an osmotic pump containing either GF I, GF II, or carrier solution. Each pump was placed between the scapulae and a catheter brought through a tunnel to the epitympanic bulla. The catheter tip was inserted into a Abbreviations: HC(s), hair cell(s); GF I, growth factor mixture 1; GF II, growth factor mixture 2; HVOR, horizontal vestibulo-ocular reflexes; BDNF, brain-derived neurotrophic factor; TGF␣, transforming growth factor ␣. ¶ To whom reprint requests should be addressed at: Albert Einstein College of Medicine, 1410 Pelham Parkway South, Kennedy Center Room 302, Bronx, NY 10461. E-mail: vandewat@aecom.yu.edu.
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0.2-mm hole that was 2 mm away from the posterior edge of the stapedial footplate to allow for direct infusion of the vestibule. A silastic bead on the catheter sealed the vestibule. To extend the period of infusion to 1 month, pumps were exchanged after 2 weeks.
Preparation of Vestibular Specimen for Anatomic Evaluation. Treated and untreated guinea pigs were killed at 5, 9, or 16 weeks post-gentamicin exposure. For evaluation of maculae, temporal bones were placed in fixative (2.5% glutaraldehyde, 0.1% cacodylate), and postfixed for 2 h in 1% osmium tetroxide. Utricles were dissected and otoconial membranes removed. Maculae were critical point dried, sputter coated, and viewed by using a JEOL 6400 scanning electron microscope.
All horizontal canal cristae were excised and fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide, and embedded in Araldite. Serial (1 m) sections were stained with 0.5% toluidine blue. Specimens for ultrastructural evaluation were selected from unstained 1-m sections and remounted, and ultrathin sections cut, stained, and placed on slot grids. Eight grids from each specimen were examined on a JEOL 200 electron microscope.
Quantification of Hair Cell Renewal. GF I (macula utriculus).
Scanning electron micrographs (SEMs) were taken at ϫ1,500 from the striola, peristriola, nonstriola, and edge areas of each macula. This yielded 16 to18 micrographs of 4,600 m 2 fields for HC counts. All cells bearing stereocilia bundles on their surfaces were counted. The criteria for inclusion as an immature renewing hair cell were that their stereocilia bundles had to be Ͻ6 m in height and lack a stair-step configuration. Stereocilia bundle maturation was determined from 100 randomly selected hair cells.
GF II (crista ampullaris). Sections (1 m) of horizontal canal cristae were examined 50 m Ϯ 10 m from the planum semilunatum. The stereologic quantification method of nuclear volume assessment was used and volume fractions of cell nuclei of cristae were measured by point counting (27) . Four nonoverlapping fields of two sections, each 6 m apart, were used for evaluation (eight fields͞specimen) of 18 specimens (28). Type 1 HC nuclei (diameter ϭ 2.03 Ϯ 0.47) in the middle third of the long axis of the epithelium were identified by round nuclei, diffuse nucleoli with the hair cell soma enveloped by a nerve calyx. Type 2 HC nuclei (diameter ϭ 2.04 Ϯ 0.44) were located in a position similar to the type 1 HCs, but with button-type nerve endings. Support cells had dense, irregularly shaped nuclei with prominent stained nucleoli in the basal third of the epithelium (29) . Points superimposed on nuclei of type 1and 2 HCs, support cells, and nuclei-free tissue were recorded separately, and each cell nuclear volume fraction relative to neuroepithelial tissue was calculated. The standard error of the estimates was calculated (30) , and our error estimates were acceptably low (i.e., 18-35% error vs. 70-800% difference between groups). Cell count means are presented Ϯ SEM.
Functional Vestibular Testing. At the time of gentamicin exposure or 14 weeks after exposure, guinea pigs were implanted with a scleral search coil and a skull cap (31, 32) . At weeks 2 and 16 after gentamicin exposure, animals were subjected to vestibular testing on a computerized rotational table (Neurokinetics, Pittsburgh) in a dark room. Animals were restrained in a container that rigidly fixed the head maintaining the horizontal semicircular canal in an earth-horizontal yaw axis of rotation (32, 33) . HVOR measures were completed with sinusoidal horizontal acceleration at a peak angular velocity of 40°͞sec. Eye position relative to head and table position was measured by using a scleral search coil in a magnetic field generated by two field coils (CNC Engineering, Seattle, WA) oriented 90°to each other.
Sensitivity was calibrated to 200 mV͞degree with a linear response range of Ϯ10°. Horizontal eye and table position were recorded at 200 samples͞sec. Eye signals were digitized and desaccaded deriving slow wave eye velocity, which was compared with peak head velocity to calculate gain and phase.
Sinusoids were fitted to the eye velocity's raw tracing for one cycle. Several cycles were averaged together to obtain gain and phase for one trial. HVOR gain was defined as the ratio of the peak of the eye velocity's fitted sinusoid to the head velocity sinusoid's peak. Phase was defined as the temporal difference between peak eye velocity and peak stimulus velocity, measured in degrees. If the eye and head velocity peaks were opposed, a phase was given a value of zero degrees. A positive number indicated a phase lead.
The directional asymmetry was also tested by using leastsquares methods to estimate the leftward (G left ) and rightward (G right ) gains of the slow phase eye velocity responses to the measured head velocity. For the estimation procedure, the relative phase shifts of the horizontal slow phase eye velocity and head velocity data (with polarity reversed) were determined by cross-correlation analysis and the head velocity data were shifted to eliminate the phase difference. A MarquardtLevenberg optimization algorithm (''leastsq.m'' routine for MATLAB, Mathworks, Natick, MA) was then used to estimate the directional gains for the slow phase eye velocity with respect to the reversed-polarity head velocity by minimizing the least-squares error between the slow phase eye data and the function: G RL ϭ directional gain either right or left; E R ϭ rightward eye velocity; E L ϭ leftward eye velocity; Ḣ ϭ slow phase head velocity (with polarity reversed relative to the slow phase eye velocity),
Statistical Analysis. ANOVA was chosen as the method of statistical analysis to contrast the means of three groups after verifying that the assumptions of normalcy of the distribution of residuals and equality of the variances were met. Individual group physiologic data were compared with repeated-measures ANOVA (between groups factor ϭ treatment; within groups factor ϭ stimulus frequency) and post hoc paired comparisons made with Newman-Keuls multiple range test. Because there were no differences between rightward and leftward gains, the analyses were performed separately for each direction of rotation. Oneway ANOVA was used to test differences in mean nuclear volume fractions. A Newman-Keuls multiple comparison post hoc test was used when significant differences were found by ANOVA. An unpaired Student's t test was used to make statistical comparisons between two groups with small means. A level of P Ͻ 0.05 was considered significant.
Results

Treatment with GF I Accelerates Vestibular Hair Cell Renewal in the
Macula of the Utricle. Low-power scanning electron micrographs (SEMs) of gentamicin-exposed, untreated (Fig. 1A) and GF I-treated (Fig. 1B) utricular maculae from the same guinea pig illustrate a robust HC renewal response activated by the infusion of the GF I mixture into the perilymph. Examination of lowpower SEMs of the cochlear ducts from this and the other animals in this study showed extensive loss of basal turn HCs in both the untreated and GF I-treated ears. There was no auditory HC renewal in response to GF I infusion. The differences in the HC density counts taken from the utricles at 5 and 9 weeks post-gentamicin exposure show that the HC renewal response continued even after the infusion of GF I had ended. There is a significant increase in the HC density from Ͼ2-fold at 5 weeks to Ͼ3-fold (P Ͻ 0.001) at 9 weeks in the GF I-treated utricles compared with gentamicin-damaged, untreated specimens (Fig. 1C ). There was no increase in HC density in inner ears infused with carrier vehicle (data not shown). This increase in HC renewal in the GF I-treated utricular maculae is even more evident when evaluated on a site-specific basis (see Fig. 2 ). The density of renewing HCs in the striola region of the macula (Fig.  2 A, B , and E) shows a significant (i.e., 2-fold; P Ͻ 0.001) increase in response to GF I infusion in 9-week animals. However, this difference between GF I-treated and untreated ototoxindamaged utricles increased to Ͼ6-fold in the non-striola and edge regions (Fig. 2 C, D, and E) . Another important component in the treatment response of the gentamicin lesioned utricles with GF I is the maturation of the stereociliary bundles of the renewed hair cells (Fig. 3) . Treatment with GF I initiated maturation of the stereociliary bundles (Fig. 3C , and compare Fig. 3 B and A) .
Addition of BDNF to GF II Restores Type 1 Hair Cells to GentamicinDamaged Cristae and HVOR. Histological evidence: Light microscopy.
A series of photomicrographs of 1 m toluidine blue-stained cross-sections through the horizontal crista ampullaris of the different treatment groups are depicted in Fig. 4 . These include untreated (Fig. 4 A and B) , gentamicin-exposed, untreated (Fig.  4 C and D) , and gentamicin-exposed, GF II-treated (Fig. 4 E and  F) specimens. Only the GF II-treated (Fig. 4 E and F) cristae regained type 1 vestibular hair cells. Microscopic analysis of cell types present in the cristae from horizontal semicircular duct specimens is presented in Fig. 4G . Analysis of nuclear volume fractions of these specimens was used to quantify type 1 and 2 HCs (HC1 and HC2) as well as supporting cells (SC) in the cristae from 16 week post-gentamicin (Fig. 4 C-F) and control ( Fig. 4 A and B) guinea pig horizontal canals.
The results of this analysis (Fig. 4G ) demonstrate that many type 1 HCs were present in the cristae of both control and gentamicin-exposed, GF II-treated guinea pig vestibules (Fig. 4  A, B, E, and F) , but not from gentamicin-exposed, untreated animals ( Fig. 4 C and D) . Gentamicin-damaged, untreated cristae had very few type 1 HCs and a greater percentage of HC nuclei that were classified as type 2 HC phenotype as well as an excess of nuclei that possessed the characteristics of supporting cell nuclei (Fig. 4G) . Control values for cell nuclear volume fraction were: 0.0975 Ϯ 0.016 for type 1 HCs; 0.058 Ϯ 0.005 for type 2 HCs; and 0.138 Ϯ 0.025 for support cells. Gentamicinexposed (without trophic factor) ears had a nuclear volume fraction of type 2 HCs (0.048 Ϯ 0.022 not significant vs. control) and almost no type 1 HCs [0.0025 Ϯ 0.0025; F(2,4) ϭ 10.81873; P Ͻ 0.01]. Support cell nuclear volume fraction was also increased [F(2,4) ϭ 21.04558; P Ͻ 0.01] in this group. Animals exposed to gentamicin followed by growth factor infusion into one ear showed a type 1 (0.110 Ϯ 0.017) HC and type 2 (0.043 Ϯ 0.007) HC nuclear volume fraction, which was not different from control values (P Ͼ 0.05). Type 1 HC nuclear volume fraction, however, was greater than that of gentamicin-exposed ears [F(2,4) ϭ 11.87406; P Ͻ 0.05]. Contralateral gentamicinexposed, untreated ears from GF II-treated animals had HC nuclear volume fraction ratios similar to other gentamicinexposed ears (data not shown).
Ultrastructural evidence: Transmission electron microscopy. Additional evidence for the presence of type 1 HCs in the 16-week specimens of GF II-treated cristae is presented in the electron micrographs of Fig. 5 . The type 1 HCs with their prominent nerve calyx endings are present in both control crista (Fig. 5A ) and ototoxin-exposed, GF II-treated crista (Fig. 5C ), but not in the crista of gentamicin-exposed, untreated animals (Fig. 5B ).
Functional evidence: Vestibulo-ocular response-gain and phase measurements. Treatment of gentamicin-instilled animals with GF II also produced a significant improvement of HVOR performance. Repeated-measures ANOVA of directional gains from the control, gentamicin-exposed, and gentamicin-exposed ϩ GF II-treated groups (within groups factors: stimulus frequency and direction) revealed that there was no significant difference between the gain of responses during leftward versus rightward rotation. The gain and phase of this symmetric VOR response is shown for the control and bilateral treatment groups in Fig. 6 . Repeated-measures ANOVA (between groups factor: treatment group; within groups factor: stimulus frequency) indicated a significant main effect of treatment on the HVOR gain [F(2,6) ϭ 95.7; P Ͻ 0.001]. Newman-Keuls comparisons indicated that the gains in the gentamicin-exposed, GF II-treated group were significantly greater at 0.1, 0.2, 0.5, 1, and 2 Hz than the respective gains in the group with only gentamicin exposure (P Ͻ 0.05), but that the gains of the GF II-treated group did not differ significantly from the control group at the respective stimulus frequencies. The analyses of the phase data (ANOVA and Newman-Keuls tests on data displayed in Fig. 6B ) also showed a parallel recovery of HVOR phase in the GF II-treated animals at 0.1, 0.5, and 1 Hz. The gain recovery was also apparent in Newman-Keuls comparisons of the gains during leftward and rightward half-cycles of rotation. Thus, GF II treatment produced a functional recovery of HVOR gain and phase across a range of stimulus frequencies.
Discussion
The results demonstrate that infusion of growth factors (i.e., GF I and GF II) into vestibular ototoxin-damaged inner ears affects HC renewal, maturation of stereociliary bundles, type of HCs present, and the recovery of horizontal vestibulo-ocular reflex performance. Several possibilities exist to explain the observed vestibular HC renewal in response to growth factor therapy. Several growth factors have been demonstrated both in vitro (24, (34) (35) (36) and in vivo (37, 38) to protect auditory sensory cells from aminoglycoside toxicity. However, in all of these studies the protectant molecule had to be present before ototoxin exposure. In the present study, growth factors were infused 1 week after exposure to gentamicin, and there was no observed protective effect of growth factor infusion on auditory hair cells. Therefore, growth factor protection of vestibular HCs from gentamicin damage is not a likely mechanism to explain our results. Another possibility is that gentamicin may have induced sublethal damage to the HCs (12, 13, 39) rather than their loss via either apoptosis or necrosis (11, 13, 40) . The possibility of HC self-repair cannot be ruled out by our results. However, it seems likely that there would have been a higher level of self-repair of damaged HCs in the gentamicin-exposed, untreated vestibules than was observed. Therefore, it is unlikely that self-repair of damaged HCs can account for the majority of our observed HC renewal. The replacement of lost HCs in the avian vestibule is thought to involve a proliferative response (2) (3) (4) . Although the results of an in vitro study (41) analyzing mammalian vestibular HC regeneration do not support a proliferation-mediated mechanism, the results of an in vivo study (42) do suggest cell proliferation. There is in vivo evidence that existing vestibular support cells can transdifferentiate into replacement hair cells (11, 43) . Avian and amphibian HC regeneration studies also support transdifferentiation (44) (45) (46) . It is quite possible that both a regenerative cell proliferative response to treatment with growth factors (21, 47) and transdifferentiation of existing support cells (11) contribute to our observed HC renewal results. Previous studies without trophic factor infusion therapy (11, 29, 42) have reported a recovery of type 2 vestibular HCs (Ͼ50%), but almost no recovery of type 1 HCs (Յ5%). In the present study, the observed recovery of HVOR function after GF II therapy is associated with the recovery of type 1 HCs in the damaged cristae. The GF II mixture contained BDNF, which is known to be an essential trophic molecule for vestibular ganglion neurons (23) and has been suggested to function in the differentiation of calyceal afferents on type 1 vestibular hair cells (25) . A recent study has also shown that transotic administration of BDNF resulted in an increase in type 1 HCs in the gentamicin-damaged vestibules of chinchillas (47) . Therefore, these studies (23, 25, 47) and our results suggest that exogenous BDNF supports neuronal survival, facilitates the formation of new calyceal endings on HCs, and leads to the reappearance of type 1 HCs in ototoxindamaged crista. Neuronal survival and hair cell-primary afferent interactions may be essential factors in the improved vestibular function initiated by GF II therapy. The results reported in this study represent the first report of both a return of type 1 HCs and an improvement in vestibular function after ototoxic damage in the vestibule of a mammal. These findings and those of recent growth factor therapy studies in ototoxin-damaged adult rat and chinchilla vestibules (21, 47) suggest that the infusion of a mixture of exogenous growth factors (e.g., GF II) may be clinically applicable to the treatment of some balance disorders.
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